Myotonic dystrophy type 1 is an autosomal dominant disorder associated with the expansion of a CTG repeat in the 3 0 untranslated region (UTR) of the DMPK gene. Recent data suggest that pathogenesis is predominantly mediated by a gain of function of the mutant transcript. In patients, these expanded CUG repeat-containing transcripts are sequestered into ribonuclear foci that also contain the muscleblind-like proteins. To provide further insights into muscleblind function and the pathogenesis of myotonic dystrophy, we generated Drosophila incorporating CTG repeats in the 3 0 -UTR of a reporter gene. As in patients, expanded CUG repeats form discrete ribonuclear foci in Drosophila muscle cells that co-localize with muscleblind. Unexpectedly, however, foci are not observed in all cell types and muscleblind is neither necessary nor sufficient for their formation. The foci are dynamic transient structures with short half-lifes that do not co-localize with the proteasome, suggesting they are unlikely to contain mis-folded proteins. However, they do co-localize with non-A, the human orthologs of which are implicated in both RNA splicing and attachment of dsRNA to the nuclear matrix. Muscleblind is also revealed as having a previously unrecognized role in stabilizing CUG transcripts. Most interestingly, Drosophila expressing (CUG) 162 repeats has no detectable pathological phenotype suggesting that in contrast to expanded polyglutamine-containing proteins, neither the expanded CUG repeat RNA nor the ribonuclear foci are directly toxic.
INTRODUCTION
Myotonic dystrophy (DM) is the most common adult onset muscular dystrophy (1) . It is an autosomal dominant disorder characterized by progressive myotonia and muscle weakness, although symptoms are not limited to muscle. Two transcribed, but not translated, mutations cause DM. Approximately 98% of DM patients carry the type 1 DM1 mutation, an expansion of CTG repeats in the 3 0 -UTR of the DMPK gene (2) . Unaffected individuals in the general population usually have fewer than 30 CTG repeats. Late onset DM1 patients typically inherit from 60 to 90 repeats and often only present with cataracts. Adult onset cases usually have from 100 to 500 CTG repeats and develop myopathy, myotonia, cardiac conduction defects, insulin intolerance, infertility, behavioural abnormalities, including apathy and hypersomnia, and reduced life expectancy. Congenitally affected children typically inherit more than 700 CTG repeats and present with severe hypotonia at birth, are mentally retarded and go on to develop the symptoms typical of adult onset patients (1) . The vast majority of DM patients who do not have the DM1 mutation have DM type 2 (DM2), caused by an expansion of CCTG repeats in intron 1 of the ZNF9 gene (3) .
Various hypotheses have been proposed to explain how untranslated mutations can lead to a dominant pathogenic phenotype (4) . Although it is probable that defects in the levels of the protein products of flanking genes may contribute in part to the symptoms, two strong lines of evidence favour a gain of function of the expanded repeat RNA. First, DM1 and DM2 have similar phenotypes despite the two mutations # The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org being related only by the nature of the transcribed, but untranslated, CTG/CCTG repeat. Secondly, mice expressing expanded CUG repeats in the 3 0 -UTR of an unrelated transgene develop myotonia and a DM-like myopathy (5) .
Downstream pathology in DM is linked with splicing defects in a number of genes. Most convincingly, mis-splicing of the chloride channel subunit 1 (CLC1) and insulin receptor transcripts almost certainly underlie the observed myotonia (6) and insulin intolerance (7) . The pathways that link these splicing defects to the primary CTG expansion are not yet completely understood but appear to involve two classes of proteins that can bind CUG repeats: the CUG-BP1 and ETR-3-like factors (CELF) and the muscleblind-like (MBNL) proteins (8) . Both classes of proteins are regulators of alternative splicing with antagonistic effects on a subset of alternatively spliced genes. Consistent with a direct role for CUG-BP1 in DM pathogenesis, DM splicing defects are mirrored in normal cells over-expressing CUG-BP1 and nuclear levels of CUG-BP1 are increased in DM patient cells (9) . Similarly, consistent with a direct role for the MBNLs in DM pathogenesis, mice lacking Mbnl1 develop myopathy and myotonia and splicing defects in the Clc1 transcript (10) .
Precisely how the CELF and MBNL protein functions are perturbed in patient cells is not completely understood, but is assumed to be related to the observation that expanded CUG repeat RNA is trapped in discrete foci in the nuclei of patient cells (11) . Although these ribonuclear foci do not contain CUG-BP1 (12) , the MBNL proteins bind dsCUG RNA and co-localize with the ribonuclear foci, strongly supporting a role for MBNL titration in the pathogenic process (13, 14) . Nevertheless, mice homozygous null for Mbnl1 are born healthy and do not present with the congenital form of DM. Thus, it remains unclear as to what extent MBNL titration contributes toward pathogenesis and, importantly, whether expanded CUG repeat RNA or ribonuclear foci are inherently noxious and have a direct toxic effect over and above dysregulation of alternative splicing. A more general toxic effect of expanded CUG repeat RNA might be mediated by the sequestration of transcription factors, as has been recently proposed (15) , and is observed for highly toxic polyglutamine expansions (16) .
The rate of progress in understanding fundamental mechanisms in DM is restricted by the complexity of analysing patient samples, the inherent limitations of cell culture models and the relative difficulty of generating additional mouse models. Significantly, a number of triplet repeat disorders have been successfully modelled in Drosophila, providing critical new insights into the molecular pathogenesis of the disease process (17 -20) . We have, therefore, created a Drosophila model of DM and provided insights into muscleblind function by expressing CTG repeats in the 3 0 -UTR of a marker gene.
RESULTS

Expanded CUG repeat tract expressing Drosophila are viable
To explore CUG repeat-mediated DM pathogenesis, DM1 alleles of 11, 48, 56 and 162 CTG repeats flanked by 100 bp of the human DMPK 3 0 -UTR were cloned into the 3 0 -UTR of a GFP marker gene under the control of a UAS promoter and used to generate transgenic Drosophila ( Fig. 1 and Supplementary Material, Table S1 ). Preliminary observations revealed that multiple lines of Drosophila expressing CTG repeat transgenes either ubiquitously, under the control of the da.G32-GAL4 driver, or specifically in muscle, using the 24B-GAL4 driver, expressed high levels of GFP, but developed normally, could walk, jump and fly, could mate and were fertile.
Expanded repeat RNA forms ribonuclear foci in Drosophila
A hallmark of DM pathogenesis is the presence of CUG/ CCUG repeat ribonuclear foci in the nuclei of cells expressing expanded repeat RNA. Whole mount in situ hybridization using a Cy3 labelled (CAG) 10 probe in Drosophila ubiquitously expressing the (CTG) 162 transgene revealed ribonuclear foci in muscle cell nuclei at various developmental time points ( Fig. 2A) . Ribonuclear foci were not present in Drosophila expressing 11, 48 or 56 CUG repeat RNA. Identical results were obtained using a unique sequence riboprobe to GFP (Fig. 2B ). As this probe can only bind to the transgene RNA in single copy, the inability to detect ribonuclear foci in lines with smaller repeat tracts is not an artefact of the number of copies of the repeat in the target sequence. Ribonuclear foci were not detectable in embryos but were observed in all muscle cells of first instar larvae. The number and intensity of foci increased throughout development with late Third instar larval muscle cells containing numerous intense foci. Ribonuclear foci were observed in all cells of larval muscles. The number of foci-positive cells decreased during pupation, concomitant with muscle remodelling. Nonetheless, ribonuclear foci were present at eclosion and persisted for the life of the adult fly. In adults, ribonuclear foci were restricted to abdominal, cranial and pleurosternal muscles (where they were present in all cells) and were absent in all leg and indirect Figure 1 . The myotonic dystrophy (CTG) n transgene. DM1 alleles of 11, 48, 56 and 162 CTG repeats and 27 bp 5 0 and 72 bp 3 0 of the unique sequence DNA from the 3 0 -UTR of the human DMPK gene were cloned into the 3 0 -UTR of a GFP marker gene as part of a standard pP[UAST] Drosophila P-element transgene construct (42, 43) . RT-PCR and DNA sequencing of UAS driven transgenic transcripts confirmed the integrity of the transgenes and appropriate SV40 poly(A) mediated termination and polyadenylation (data not shown).
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Human Molecular Genetics, 2005, Vol. 14, No. 6 flight muscle cells. Interestingly, (CUG) 162 -specific transgene RNA was also detected in the nuclei of all larval and adult salivary gland cells. However, rather than the discrete foci observed in muscle cells, the (CUG) 162 -RNA accumulated in the inter-chromatin space (data not shown). Despite ubiquitous expression of the transgene, ribonuclear foci were not detectable in the brain, peripheral nervous system or any other internal organs ( Fig. 2A) . Strong transgenic GFP fluorescence was observed in tissue with (e.g. larval muscle) and without ribonuclear foci (e.g. larval neurons and adult indirect flight muscle) in both (CTG) 162 and (CTG) 11 lines. The expression level and pattern of all GAL4 driver lines were also tested with b-galactosidase reporter genes and levels of expression were shown to be indistinguishable in many ribonuclearpositive and ribonuclear-negative cell types. Thus, expanded CUG repeat RNA can exit the nucleus and be translated, even though some transcripts in some cell types are sequestered into ribonuclear foci. These data also reveal that the expression of expanded CUG repeat RNA alone is not sufficient to drive ribonuclear foci formation, indicating a requirement for other cell type-specific factors.
Expression of expanded CUG repeat RNA does not compromize locomotor activity, muscle histology, life span, eye development or female fertility
To determine whether flies expressing expanded repeat tracts that result in ribonuclear foci develop muscle defects, locomotor reactivity and spontaneous activity were assessed. No statistically significant expanded repeat length-specific differences in activity were observed and (CUG) n expressing flies maintained a normal circadian rhythm (Supplementary Material, Fig. S1 and Tables S2 and S3) . Similarly, no perturbation of normal muscle structure was observed in haematoxylin and eosin stained sections or by polarized light microscopy. To determine if expression of expanded CUG arrays results in shortened life expectancy, Drosophila life span was assessed. Contrary to the expectation of a shortened life span (assuming a toxic effect of the transgene), the mean life span of (CTG) 162 repeat-expressing Drosophila was extended by 15% (P , 0.001, Supplementary Material, Fig. S2 and Table S4 ).
Although the presence of muscle specific ribonuclear foci appears not to be associated with a pathogenic effect in (CUG) 162 repeat-expressing flies, we sought to determine whether other tissues might be more vulnerable to (CUG) 162 repeat-induced toxicity. The Drosophila eye is a complex, developmentally sensitive organ and all reported studies of triplet repeat-mediated pathogenesis in Drosophila have demonstrated neurodegeneration in the eye and disruption and loss of ommatidia (17 -20) . However, expression of (CTG) 162 expanded repeat transgenes from two independent lines using two separate eye-specific GAL4 drivers (ninaE-GAL4 and ey-GAL4) failed to produce any disruption of ommatidial patterning even in 2-month-old Drosophila (data not shown).
In DM patients, CUG-BP1 activity is increased and associated with DM-specific RNA splicing errors (9) . The two closest orthologues of CUG-BP1 in the Drosophila genome are aret and bruno2. The role of bruno2 is unknown, but the aret gene product, Bruno, is a well characterized gonadspecific protein for which both loss and over expression are detrimental to Drosophila oogenesis (21) . Therefore, to determine if expression of expanded CUG tracts might interfere with Bruno function, fertility of female Drosophila expressing CUG repeat RNA ubiquitously was quantitatively assessed. These analyses revealed no defects in female fertility in expanded CUG repeat-expressing lines (Supplementary Material, Table S5 ).
Ribonuclear foci co-localize with muscleblind protein
In mammalian cells expressing large expanded CUG repeat arrays, the MBNL proteins co-localize with ribonuclear foci (14) . Likewise, Drosophila muscleblind protein demonstrated excellent co-localization with (CTG) 162 mediated ribonuclear foci within cells (Fig. 2C) . However, unlike the MBNLs, which are almost ubiquitously distributed in mammalian tissues (14) , we only observed muscleblind in muscle, salivary gland and imaginal discs in wild-type larvae. Thus, there is a good correlation between ribonuclear foci formation and muscleblind expression. Nonetheless, ribonuclear foci were not observed in larval imaginal discs or adult indirect flight and GFP RNA (green) co-localize (white) in muscle nuclei. (C) Muscleblind co-localizes with ribonuclear foci. Ribonuclear foci ( purple) co-localize (white) with muscleblind (green) in muscle nuclei. All images are from third instar larvae ubiquitously expressing GFP(CTG) 162 . Ribonuclear foci were detected using a Cy3-(CAG) 10 probe, GFP RNA with a DIG-labelled riboprobe, muscleblind with polyclonal sheep anti-muscleblind and nuclei with DAPI, which for clarity has been omitted from some of the merged images.
muscle, despite the presence of muscleblind protein and GFP in these tissues.
In humans, MBNL1 is distributed throughout the cytoplasm and nucleus within wild-type muscle cells but is recruited to the ribonuclear foci in DM patient cells (13) . This situation was replicated in Drosophila third instar larvae (Fig. 3A) , but in wild-type and (CTG) 11 adults, muscleblind was clearly located in nuclear foci in the absence of expanded repeat RNA (Fig. 3B ). This suggests that either muscleblind intracellular localization is developmentally controlled by other proteins or that developmentally regulated muscleblind isoforms differ in their localization. Four different muscleblind mRNA isoforms have been identified in Drosophila: mbl-A, mbl-B, mbl-C and mbl-D (22) . Only mbl-C is expressed in adult Drosophila, whereas isoforms mbl-A, -B, -C and -D are all present in third instar larvae (Houseley et al., unpublished data). These data suggest that isoform mbl-C may normally exist in foci, whereas other isoforms are normally distributed throughout the cell but can be titrated into ribonuclear foci. Northern blot and RT -PCR analyses revealed no detectable alteration in muscleblind splicing patterns or levels in larvae or adults expressing expanded CUG repeats (data not shown).
Ribonuclear foci are transient and can be muscleblind independent
The early expression of muscleblind is critical for terminal differentiation of muscles and muscleblind mutants are embryonic lethal (23) . However, despite 24B-GAL4 driven embryonic expression of (CTG) 162 transgene transcripts, ribonuclear foci were not observed until the first larval instar, several hours after the point of co-expression with muscleblind. This implies that foci formation either requires additional cell type-specific factors or is a relatively slow process compared with the very rapid rate of Drosophila muscle differentiation in the embryo. To gain a better understanding of ribonuclear foci dynamics, (CTG) n transgenes were expressed in adult flies using a heat shock-activated GAL4 driver (Fig. 4) . Transgene expression peaked within 8 -24 h and was almost undetectable in whole flies by 4 days after heat shock. Ribonuclear foci were only observed in (CTG) 162 lines and were present in most cell types, except neurons. These experiments revealed ribonuclear foci as dynamic transient structures. Their number and intensity peaked at 8 h and foci were mostly lost within 2 -4 days, although their precise dynamics were highly cell-type dependent (Supplementary Material, Fig. S3 ). For example, ribonuclear foci were observed in follicle cells within 1 h, but remained detectable there for ,48 h (Supplementary Material, Fig. S3A ). In contrast, ribonuclear foci were not detected in indirect flight muscles until 24 h after heat-shock induction, where they could last for at least 10 days (Supplementary Material, Fig. S3B ). By 19 days, post-heat-shock ribonuclear foci had been lost from all tissues in which they were absent pre-heat-shock. Western blot analysis of transgenic samples for GFP after heat shock demonstrated that ribonuclear foci formation did not appreciably deplete the quantity of mRNA available for translation (Fig. 4A ). Very interestingly, it was also observed that ribonuclear foci were formed in most cell types in the absence of detectable muscleblind, as determined by standard immunohistochemistry (Fig. 4B ). When detectable in other tissues, however, muscleblind did co-localize with the ribonuclear foci (Fig. 4C ).
MBNL1 can promote ribonuclear foci formation in some cells
We did not observe ribonuclear formation in neuronal cells when driving ubiquitous expression of the (CTG) 162 transgene either continuously or transiently with heat shock. Likewise, muscleblind expression was not detected in neurons. To ascertain whether muscleblind is sufficient to promote ribonuclear foci formation, UAS transgenics were used to ectopically express mbl-A, mbl-C and MBNL1 (24) in larval motorneurons using the D42-GAL4 driver, in combination with GFP(CTG) 48/162 transgenes. Neuronal ribonuclear foci were only observed in larvae expressing MBNL1 and GFP(CTG) 162 (Fig. 5) . Thus, human MBNL1 can drive ribonuclear foci formation in some cells, although the number of foci-positive neurons (5 -10%) was far fewer than the number of cells in which the GAL4 driver was active. In flies expressing GFP(CTG) 162 transgenes in muscle, ribonuclear foci are only observed in a subset of adult muscles and are absent in leg and indirect flight muscles. To further test whether mbl-A or mbl-C could stimulate foci formation, their over-expression was driven in adult muscle using In body wall muscle cells from third instar larvae, muscleblind (green) is widely dispersed in the cytoplasm and nucleus (grey) in GFP(CTG) 11 , but relocalizes to discrete foci in GFP(CTG) 162 expressing animals. (B) Intracellular muscleblind distribution in adults. In abdominal muscle nuclei of adult wild-type Drosophila (data not shown), or flies expressing either GFP(CTG) 11 or GFP(CTG) 162 , muscleblind (green) is present in nuclear foci. The nuclei from GFP(CTG) 162 expressing Drosophila also contain ribonuclear foci that co-localize with the muscleblind foci (data not shown).
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Human Molecular Genetics, 2005, Vol. 14, No. 6 24B-GAL4 with GFP(CTG) 48/162 transgenes (over-expression of MBNL1 in muscle was associated with embryonic/early larval lethality). No ribonuclear foci were detected in any adult skeletal muscle in which they were not observed in the absence of mbl-A/C over-expression. These data illustrate that neither mbl-A nor mbl-C over-expression can mediate foci formation in larval motorneurons or adult leg and indirect flight muscles, indicating that some other factor is rate limiting in these tissues.
Muscleblind and MBNL1 increase steady state levels of CUG repeat RNA Larvae over-expressing mbl-A/C and CUG 11/48/162 repeat RNA driven by 24B-GAL4 showed greater GFP fluorescence in the salivary gland than those expressing CUG repeat RNA alone (Fig. 6A ). Higher levels of transgenic RNA were detected by in situ hybridization in salivary glands (Fig. 6A ) and in whole larvae by northern blotting (Fig. 6B) . Over-expressed mbl-A and -C accumulated in the cytoplasm of salivary gland cells and resulted in the formation of ribocytoplasmic foci in larvae expressing GFP(CUG) 162 (Fig. 6A ). Despite the fact that all CUG repeat sizes were stabilized by overexpression of mbl-A and mbl-C, these ribocytoplasmic foci were not observed in lines expressing GFP(CUG) 11/48 . The effects of MBNL1 were not analysed in this experiment, because its over-expression from the 24B-GAL4 driver was lethal. However, the D42-GAL4 driver also mediates expression in the salivary glands. Co-expression of mbl-A/C and expanded repeat RNA from this GAL4 driver gave similar results to expression driven from 24B-GAL4. However, co-expression of MBNL1 with GFP(CUG) 162 in salivary gland by D42-GAL4 led primarily to ribonuclear foci formation, in addition to the formation of some ribocytoplasmic foci (Fig. 6C ). Co-expression of MBNL1 with GFP(CUG) 48 in salivary gland driven by D42-GAL did not produce ribonuclear or ribocytoplasmic foci, but resulted in higher levels of RNA and GFP fluorescence than that obtained with GFP(CUG) 48 alone (data not shown). Thus, MBNL1 is also capable of stabilizing the transgenic RNA. The stabilization of expanded repeat RNA, as detected by both enhanced GFP fluorescence and northern blotting, was not restricted to salivary glands as it was also observed when mbl-A/mbl-C/ MBNL1 transgenes were co-expressed with (CUG) 48 from the elav-GAL4 driver (Fig. 6B ). This GAL4 driver expresses in larval neurons, but not salivary glands, and does not cause ribonuclear foci formation with any combination of (CUG) 48/162 and mbl-A/-C/MBNL1 over-expression. 
Ribonuclear foci co-localize with non-A
To gain further insights into the organization of ribonuclear foci, their spatial position in muscle nuclei was analysed. Ribonuclear foci occupied nuclear regions lightly stained with DAPI, but they were not observed in the nucleolus. They therefore shared the inter-chromatin space with the splicing and mRNA export machinery. The relative location of ribonuclear foci and molecular markers of spliceosomes and exosomes were analysed. No co-localization was observed (Fig. 7A) . The relative location of the proteasome was also investigated to determine whether the proteins present in the ribonuclear foci contain mis-folded proteins and are targeted for degradation, and again no co-localization was observed (Fig. 7A) . One evolutionarily conserved cellular strategy for dealing with nuclear dsRNA is adenosine to inosine RNA editing (25) . In vertebrate cells, it is known that editing is followed by attachment to the nuclear matrix by PSF and p54 nrb (26) . Although dsCUG repeat RNA should be immune to such editing, the hairpin structure may nonetheless interact with proteins in this pathway, so the relative locations of ribonuclear foci and non-A, the Drosophila PSF/p54 nrb orthologue, were analysed (Fig. 7B) . Co-localization of these elements was very good, indicating that non-A and expanded repeat RNA occupy the same nuclear regions and probably interact, directly or indirectly, in vivo. To determine whether expanded CUG containing transcripts were edited by the non-A pathway, RT-PCR amplified transcripts were cloned and sequenced from (CTG) 162 expressing flies. RNA editing and reverse transcription converts edited adenosines to guanosines in the cDNA (27) . Sequencing of the CUG repeat tract and 120 bp 5 0 and 280 bp 3 0 of the flanking sequence failed to identify any adenosine to guanine mutations in six independent clones.
DISCUSSION
One of the most distinctive and consistent features of affected muscle in DM1 and DM2 patients is the formation of discrete ribonuclear foci of the expanded repeat RNA. These ribonuclear foci have become a hallmark of DM pathogenesis, yet their precise role in the disease pathway remains unclear. We have shown that the processes underlying ribonuclear foci formation are conserved in Drosophila, which develop reproducible patterns of ribonuclear foci when expressing a transgene containing 162 CUG repeats in the 3 0 -UTR of a GFP reporter gene. Moreover, these ribonuclear foci colocalize with muscleblind, the Drosophila orthologue of the human MBNLs. However, despite expression of the transgene ubiquitously and in several defined tissues, and the careful examination of a variety of phenotypes, we were unable to detect a deleterious affect of expanded CUG repeat expression on Drosophila. This included morphological analysis of the developmentally highly sensitive compound eye and a detailed examination of muscle using both functional and histological analyses. Muscle is the primary affected tissue in DM and the main tissue in which we observed ribonuclear foci in our Drosophila model. These data therefore demonstrate that neither the expanded (CUG) 162 repeat RNA nor the ribonuclear foci that are characteristic of DM are directly toxic to Drosophila. These data are in stark contrast to expanded polyglutamine-containing proteins that appear to be inherently toxic in most, if not all, cell types, including Drosophila neurons (17, 18) . Polyglutamine toxicity is mediated by Figure 6 . Muscleblind/MBNL1 and CUG repeat RNA interactions in salivary glands. (A) muscleblind A stabilizes cytoplasmic CUG repeat RNA. Salivary glands of third instar larvae expressing GFP(CUG) 162 RNA alone or in conjunction with a UAS-mbl-A transgene driven by 24B-GAL4. Images were captured at identical laser settings and camera exposure times to allow direct comparison of signal intensities. Note that although cytoplasmic levels of CUG repeat (purple) are increased in the presence of mbl-A, no nuclear ribonuclear foci were detected. Muscleblind was detected with an AMCA conjugated secondary antibody (green) because the exceptional levels of GFP (grey) produced by the stabilized transgenic RNA were not quenched during the in situ hybridization procedure. (B) mbl-A, mbl-C and MBNL1 all stabilize CUG repeat RNA. Northern blot analysis of transgene RNA levels in whole larvae expressing GFP(CTG) 11/48/162 RNA alone or in conjunction with a UAS-mbl-A or -C or UAS-MBNL1 transgene. Blots were hybridized with a GFP specific probe. The ribosomal RNA loading control levels were revealed by ethidium bromide staining (image inverted). Transgene expression was driven in the salivary gland and muscle by 24B-GAL4 and in neurons by elav-GAL4. (C) Co-expression of GFP(CTG) 162 and UAS-MBNL1 leads to the formation of ribonuclear foci in salivary gland nuclei. Transgene expression was driven by D42-GAL4. Repeat RNA forms ribonuclear and ribocytoplasmic foci (purple) in the nuclei (grey).
disruption of a number of important cellular pathways via a mechanism that is assumed to involve aberrant interactions between the mis-folded polyglutamine tract and a host of normal cellular proteins (16) . We have shown that ribonuclear foci are dynamic structures that do not co-localize with the proteasome and are unlikely to contain mis-folded proteins. These data therefore suggest that the expanded CUG repeat toxicity observed in humans and mice is mediated by a limited set of very precise RNA -protein interactions and that expanded CUG repeat RNA is not inherently toxic to cells in vivo. This observation indicates that pathogenicity is unlikely to extend beyond MBNL sequestration, which in turn suggests that therapeutic strategies that restored MBNL function to normal are likely to be highly beneficial.
Of course, it could always be hypothesized that an even larger (CUG) n repeat tract might be toxic to Drosophila, and this can only be definitively answered by direct experimentation. Nonetheless, several considerations lead us to conclude that the absence of a detectable pathological effect elicited by (CUG) 162 still represents a significant insight. First, an allele of (CTG) 162 repeats is at least three times the size of the smallest disease causing allele in humans (1), the same size as an allele shown to be toxic to spermatogenesis in mice (28) and not that much smaller than those of the (CTG) 250 repeats shown to produce myotonia and myopathy in mice (5). However, it should be noted that preliminary data suggest that the expanded array in the (CTG) 162 flies is somatically stable (Houseley et al., unpublished data) in contrast to the high levels of expansion-biased somatic mosaicism observed in DM1 patients (29) . Secondly, the GFP levels observed in muscle cells of (CUG) 162 and (CUG) 11 lines were indistinguishable, suggesting that the capacity to trap expanded CUG repeat RNA within the Drosophila cell nucleus is already saturated and arguing against any additional effect of a further expanded array. Although ribonuclear foci are observed with as few as 57 repeats in a mammalian cells (30) , it is possible that (CUG) 162 is simply too short to become efficiently trapped within the Drosophila cell nucleus. These data, therefore, do not preclude the possibility that longer alleles may produce a pathogenic phenotype in Drosophila. Regardless, however, (CUG) 162 transcripts did generate abundant ribonuclear foci, thus demonstrating directly that ribonuclear foci per se are not inherently toxic to cells. In these experiments, we have already described the largest simple sequence repeat array yet incorporated into the Drosophila genome. Attempts to generate animal models with longer alleles are likely to be limited by the problems associated with cloning large (CTG) n tracts. Although cell culture models have been reported in which such an obstacle appears to have been overcome, the expanded arrays used are actually composed of synthetic concatamers of [(CTG) 20 -CTCGA] n (9). Transcripts derived from such sequences would be predicted to have different structural and protein binding properties than those of (CUG) n arrays and have not been demonstrated to be functionally equivalent.
Accumulating data strongly implicate the MBNL proteins as critical targets of expanded CUG repeat RNA in man and mice (8, 10) . Given that muscleblind function is absolutely required for Drosophila development (23) and muscleblind is recruited to larval ribonuclear foci, why are there no pathogenic effects in our model? One possibility is the absence of ribonuclear foci during the critical period in embryonic development when muscleblind function is essential (23) . The lack of ribonuclear foci during this short developmental window might be mediated by the lag between expression of muscleblind/(CUG) 162 transcripts and foci formation, or the absence of some other critical factor needed to form foci. In humans and mice, the period of muscle development is more prolonged and may be more susceptible to ribonuclear foci-mediated MBNL sequestration. Alternatively, despite co-localization with the ribonuclear foci, Drosophila muscleblind may not have as high an affinity for CUG RNA as the human MBNLs (discussed later), and its function may not be significantly affected by (CUG) 162 RNA.
The lack of a detectable toxic effect for the (CUG) 162 transgenes described here is also in contrast to two recent reports of Drosophila expressing untranslated triplet repeats. In the first, fragile X related (CGG) 90 repeats were expressed in the 5 0 -UTR of an EGFP transgene resulting in ubiquitinated intranuclear HSP70-positive protein aggregates resembling those adopted by expanded polyglutamine-containing proteins (20) . It seems likely that the CGG repeats interact with a yet to be identified protein, leading to aggregation of mis-folded proteins and downstream dysfunction similar to that observed in the polyglutamine disorders. In the second model, the full length human SCA8 transcript, which also contains an untranslated CUG repeat tract, was shown to cause Drosophila neurodegeneration (19) . However, the neurodegeneration observed was as potent in Drosophila expressing (CUG) 9 as those expressing the expanded (CUG) 112 transcript, demonstrating that the toxicity of the RNA was not mediated by the expanded repeat tract but by some other element within the transcript. It is of course possible that additional sequence elements within the DMPK transcript absent in our system might contribute toward the pathology of the DM1 expanded CUG repeat Human
array in DM1 patients. Indeed, it has been shown that additional sequence elements within the DMPK 3 0 -UTR modify the effects of the expanded CUG repeat on myoblast differentiation (31) . Nonetheless, the DM2 mutation (3) and the CUG repeat-expressing myotonic mice (5) demonstrate that an expanded repeat tract in the absence of additional DMPK sequences is sufficient to mediate DM pathology in mammalian cells.
In (CTG) 162 Drosophila expressing the transgene ubiquitously, ribonuclear foci were observed only in salivary glands, larval muscle cells and a subset of adult muscles. Thus, ribonuclear foci formation is not an obligate manifestation of expressing large expanded CUG repeat arrays suggesting that the hairpin structures such RNAs adopt (12) are not sterically blocked from exiting the nucleus, as has been previously proposed (32) . These data therefore indicate that other cell type-specific factors must be important in mediating ribonuclear foci formation. In the salivary gland and muscle cells in which ribonuclear foci were observed, they co-localized with muscleblind. However, the relationship between muscleblind and ribonuclear foci proved to be more complex than this. For instance, endogenous muscleblind was detected in larval imaginal discs and adult indirect flight muscle, but no ribonuclear foci were detected in these tissues. Similarly, ectopic over-expression of muscleblind isoforms A and C in a tissue where muscleblind is normally absent (larval motorneurons) was unable to mediate ribonuclear foci formation. Conversely, heat-shock induction of (CTG) 162 transgene expression resulted in apparently muscleblind-negative ribonuclear foci formation in many tissues. Although it remains theoretically possible that these foci contained very low levels of muscleblind undetectable using fluorescent microscopy, this seems unlikely given that using the same methodology, muscleblind foci were readily observed in muscle cells with a similar signal intensity to the RNA component of the foci. Because ribonuclear foci were usually absent in the majority of these tissues, their formation must therefore be mediated by either the very high expression levels produced from the hs-GAL4 element or the induction of another protein able to aide foci formation. Thus, muscleblind is neither necessary nor sufficient to mediate ribonuclear foci of expanded CUG repeat RNAs in Drosophila.
Very interestingly though, ectopic expression of human MNBL1 in Drosophila was able to mediate ribonuclear foci formation in a subset of motorneurons and in salivary gland cells. Moreover, the ribonuclear foci initiated by MBNL1 were slightly smaller and more compact than those observed in the absence of MBNL1. These data suggest MBNL1 has a greater affinity for expanded CUG repeat RNA than muscleblind and/or a lesser dependence on additional factors to mediate foci formation. Another difference between the behaviour of MBNL1 and muscleblind was its normal intracellular location. In mammalian cells and Drosophila larvae MBNL/ muscleblind is distributed throughout the cell. In adult Drosophila cells, muscleblind was clustered in intranuclear foci even in the absence of expanded CUG repeat RNA. These muscleblind foci were capable of recruiting expanded CUG repeat RNA, although this process did not alter their localization. Identification of the factors that mediate intranuclear muscleblind clustering in wild-type adult Drosophila cells may shed light on the formation of expanded CUG repeat RNA-mediated ribonuclear foci.
The MBNLs have recently been established as regulators of alternative splicing (8) . The ability of muscleblind and MBNL1 to increase steady state levels of CUG repeatcontaining transcripts in the cytoplasm was an unexpected finding that suggests a second role for muscleblind/MBNLs in translational control through the modulation of RNA stability. Although an effect of muscleblind/MBNL1 overexpression on transcription rates cannot be formally excluded, several lines of evidence argue against this possibility. Most significantly, the subcellular co-localization of muscleblind/ CUG RNA in the muscle cell nuclei in wild-type flies (including sequestration of muscleblind into the nucleus in larval muscle cells), the subcellular co-localization of muscleblind/ CUG RNA in the cytoplasm of salivary gland cells overexpressing muscleblind isoforms mbl-A and mbl-C and the subcellular co-localization of MBNL1/CUG RNA in the nucleus of salivary gland cells over-expressing MBNL1 all support a direct molecular interaction between muscleblind/ MBNL1 and the CUG RNA. An additional cytoplasmic role for the muscleblind/MBNLs is also supported by its cytoplasmic location in mammalian cells (13) and Drosophila larvae and its preferential binding affinity for RNA as opposed to DNA (33) . It is well known that AU-rich elements in the 3 0 -UTR of transcripts can modulate their stability (34) . CUG repeats in the 3 0 -UTR presumably form a similar modulatory element. Because this effect was also observed for transcripts containing (CUG) 11 , which are not uncommon in higher eukaryotic genomes, such a regulatory process could be physiologically relevant in the normal function of the MBNLs. Moreover, it suggests that MBNL sequestration mediated pathology in DM will not be limited to aberrant alternative splicing but will also include defects associated with aberrant transcript stability/translational control.
In our Drosophila model, the ribonuclear foci did not co-localize with the spliceosomal marker SC-35. Although it is assumed that RNA splicing can occur within or near such structures (35) , it is probable that some aspects of RNA splicing also occur at additional sites within the nucleus. Interestingly, in our Drosophila model, the ribonuclear foci co-localized with non-A, a protein with mammalian orthologues (PSP1, PSF and p54 nrb ) that are implicated in a number of processes, including RNA splicing. p54 nrb and PSF share a consensus binding sequence for the U5 snRNA (36) , and p54 nrb has been shown to bind polypyrimidine tracts (37). PSP1 and p54 nrb are present in paraspeckles, which are closely juxtaposed with spliceosomes (38) . An interesting PSF-associated factor is PTB, which acts as an antagonist to CELF proteins in splice site choice (39) . If ribonuclear foci interfere with PTB function, this could contribute to the splicing defects observed in DM. It is possible that the MBNLs are involved in the binding of PTB to splicing enhancers and, therefore, may function as part of a PSF/PTB complex. Consistent with this, model both PTB and PSF have been previously observed to associate with the DMPK 3 0 -UTR (40) . Also of note, PSF and p54 nrb are associated with matrin 3 and mediate attachment of dsRNAs to the nuclear matrix (26) . These data therefore provide a potential physical link between expanded CUG repeat RNA and nuclear matrix. We propose that in normal cells, some MBNL is associated with the nuclear matrix via PSF/p54 nrb and that transcripts containing short (CUG) n tracts bind to a single muscleblind/MNBL protein which is then released from the matrix and may be involved in mRNA export, stabilization and/or translational control. However, large expanded (CUG) n repeat tracts would be expected to bind more than one molecule of muscleblind/MBNL. This would delay dissociation from the matrix, because multiple muscleblind/MBNL molecules would need to dissociate simultaneously. Vacant muscleblind binding sites in the expanded (CUG) n tract would recruit newly synthesized or re-imported shuttling muscleblind, eventually culminating in the observed ribonuclear foci.
In DM patients, the stability and longevity of ribonuclear foci is not known. In our Drosophila model, foci were revealed as dynamic structures that formed rapidly during development or after heat-shock induction, but subsequently disappeared over the period of a few days after transient heat-shock-mediated expression. In vitro experiments have previously been used to demonstrate that the ribonuclear foci are lost during cell division in fibroblasts (41) . Although it is possible that heat-shock-induced ribonuclear foci were lost from some cells because of cell-division, foci were also lost over the period of a few days in non-dividing cells such as muscle. These data are encouraging for DM therapeutic strategies aimed at down-regulating DMPK/ZNF9 expression, because they suggest that pre-existing ribonuclear foci would be rapidly lost upon DMPK/ZNF9 down regulation and MBNL sequestration reversed.
To summarize, we have created transgenic Drosophila incorporating CTG tracts of up to 162 repeats, the largest expanded simple sequence repeat yet incorporated into the fly genome. Drosophila expressing expanded CUG repeat RNA have abundant ribonuclear foci but no pathophysiological phenotype. This demonstrates that expanded CUG repeat RNA and ribonuclear foci are not directly toxic, at least to Drosophila. Ribonuclear foci are transient entities that normally contain muscleblind, which can aid their formation, although, surprisingly, it is not absolutely required. Moreover, muscleblind appears to have an additional role in the stabilization of (CUG) n transcripts in the cytoplasm. Ribonuclear foci exist in the inter-chromatin space and overlap to a significant extent with non-A in Drosophila, suggesting a direct link with the nuclear matrix and the ability to interact with additional factors involved in splice site selection. The Drosophila model presented in this study has already provided new insights into the basic biology underlying DM and muscleblind function and should prove an invaluable resource in addressing many of the remaining uncertainties.
MATERIALS AND METHODS
Drosophila transgenics
A human DM1 allele of 11 CTG repeats was PCR amplified using primers DM-CXH and DM-DRXB (Supplementary Material, Table S6 for oligonucleotide sequences). DM-CRX contains a single G/A mismatch with human genomic DNA that generates an Xho I site in the resultant amplification product. DM-DRXB contains a 12 nucleotide 5 0 extension that generates an Xba I site in the resultant amplification product. The 11 repeat product was digested and cloned into the Xho I/Xba I sites immediately downstream of GFP in UAS-GFP, in the multiple cloning site of pP[UAST] (42, 43) . Human DM1 alleles of 56 and 162 CTG repeats were PCR amplified using primers DM-CXH and DM-DR and cloned into the pGEM T-easy (Promega) multiple cloning site. The 56 and 162 CTG repeat alleles were excised from pGEM T-easy using Xho I and Spe I and similarly cloned into the Xho I/Xba I sites in the 3 0 -UTR of GFP in pP [UAST] . During subcloning of the 162 repeat allele into pP [UAST] in Escherichia coli, a de novo deletion derivative allele of 48 CTG repeats was also generated. Transgenic Drosophila containing CTG repeat tracts of 11, 48, 56 and 162 were created from these pP[UAST] constructs by standard P-element mediated transformation. Details of the GAL4 driver lines used to mediate transgene expression and other UAS lines are provided in Supplementary Material, Tables S7 and S8 .
Behavioural and histological analysis
See Supplementary Material for behavioural and histological analysis.
In situ hybridization
Oligonucleotide probes. Ten micrometre Drosophila sections were fixed in 4% paraformaldehyde for 15 min, washed three times with PBS, pre-hybridized with 2Â SSC/40% formamide and hybridized at 378C with 50 fM ml 21 Cy3-(CAG) 10 probe in 40% formamide, 1 mg ml 21 E. coli tRNA, 1 mg ml 21 sonicated salmon sperm DNA, 10% dextran sulphate and 0.2% BSA in 2Â SSC. Slides were washed twice in 2Â SSC and twice in 0.5Â SSC for 15 min at 378C, then mounted in Vectashield (Vector) with 2 mg ml 21 DAPI.
RNA probes. Sections were fixed and washed as described above, permeabilized with 0.1 mg ml 21 proteinase K in TE for 30 min, fixed for 5 min with 4% paraformaldehyde and washed three times with PBS. After dehydration through an ethanol gradient, slides were hybridized at 428C with 300 pg ml 21 DIG-labelled antisense GFP RNA probe in 50% formamide, 1Â Denhardt, 1 mM DTT, 1 mg ml 21 E. coli tRNA, 1 mg ml 21 sonicated salmon sperm DNA, 10% dextran sulphate in 4Â SSC, then washed as for oligonucleotide probes. Slides were equilibrated in buffer 1 (0.1 M TrisHCl pH 7.5/0.15 M NaCl), blocked with 0.5% blocking reagent (Roche) in buffer 1, stained with 1 : 200 FITC anti-DIG (Roche) and 0.5% blocking reagent in buffer 1 and mounted in Vectashield (Vector) with 2 mg ml 21 DAPI after three washes with buffer 1. All in situ hybridizations were replicated in multiple sections from multiple animals and reproduced in their entirety at least twice.
Immunohistochemistry
Ten micrometre sections were fixed for 15 min with 4% paraformaldehyde, followed by three washes with PBS.
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After blocking for 30 min with 5% normal serum (from the species in which the secondary antibody was generated) in PBS, samples were incubated with the primary antibody for 1 h in the same solution, followed by three washes with PBS. Samples were incubated for 1 h with the secondary antibody and 0.5% blocking reagent (Roche) in PBS, followed by three washes with PBS and mounting in Vectashield (Vector) with 2 mg ml 21 DAPI. For combined in situ hybridization and immunohistochemistry, the in situ protocol was stopped after the last wash, samples were equilibrated in PBS and then the immunohistochemistry protocol was followed from the blocking step. Primary antibody details are supplied in Supplementary Material, Table S9 . Fluorescent secondary antibodies were purchased from Jackson Immunochemicals and Molecular Probes. All immunohistochemical analyses were replicated in multiple sections from multiple animals and reproduced in their entirety at least twice.
Creation of antisera
ORFs of muscleblind A, B and C were cloned into pGEX-6P 1 (Amersham) to create N-terminal GST fusion constructs. Protein expression was induced for 4 h in Top10F 0 E. coli (Invitrogen) at 378C using 1 mM IPTG, and protein aggregates isolated using a protein refolding kit (Novagen). Fusion proteins were then purified by SDS -PAGE electrophoresis and band extraction, and an equal mixture of all three isoforms injected into a sheep by Diagnostics Scotland. The second bleed serum was used for all stainings.
RNA extraction and analysis
For northern blots, 1-10 mg total RNA, extracted using Tri-Reagent (Sigma), was separated on 1.5% agarose gels with guanidine thiocyanate, capillary blotted and probed with DIG labelled anti-sense riboprobes in EasyHyb (Roche) or with 32 P-labelled DNA probes in ExpressHyb (Clontech).
Protein extraction and analysis
Proteins were extracted with Tri-Reagent (Sigma), separated on 4 -12% Bis-Tris Nu-PAGE gels, and blotted as per the manufacturer's instructions (Invitrogen). Antibody detection was performed by standard methods.
